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Abstract
Computer simulation and analysis of our data compared to published results on the activation of impurity dopants in GaAs,
have lead to the establishment of a theoretical model for the electrical properties of GaAs doped by ion implantation and
annealed using rapid thermal annealing. A comparison of the behavior of different dopant species have shown that all implants in
GaAs have almost the same activation mechanism except for the amphoteric Si implants where electrical activity increased
normally with annealing times and temperature up to 900°C, then decreased showing that a compensating mechanisms taking
place at temperature higher than 850°C. Finally the Si implanted GaAs become P type for longer annealing times at high
temperatures.
The purpose of our work was to establish a theoretical model capable of explaining the behavior of Si dopants in GaAs, from
relationship between the annealing conditions of Si in GaAs and the electrical properties of Si implanted in GaAs.
© 2009 Elsevier B.V.
PACS: 1875-3892.
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1. Introduction
In the areas of research on ion implantation in III-V compounds and of device application of implantation in
these materials, the work on GaAs has exceeded that on all of other compounds and their alloys in the past. While
there is increasing work in III-V compounds other than GaAs, the magnitude of GaAs effort probably still exceeded
that in the other materials. This greater effort in ion implantation work in GaAs is mainly a result of the high
electron mobility in this material and availability of semi-insulating substrate. These properties of GaAs make it
very useful as material for microwave device and high speed integrated circuits. The availability of GaAs has also,
of course, been affected by the interest resulting from these properties of GaAs. Ion implantation doping of
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compound semiconductor differs in several ways from implantation doping of elemental semiconductor such as
silicon.
Various models are available [1] in the literature to explain the incorporation of impurities in GaAs and the fact
that many implanted dopant ions fail to become electrically active [2]. It has been proposed that the inactive fraction
of a dopant in GaAs is in the form of a complex with either a gallium vacancy or an arsenic vacancy [3].Detailed
study of the activation mechanisms for various implanted GaAs has enabled a thermodynamic model to be published
which describes accurately the variation in electrical activity with annealing time and annealing temperature [2-
6]However electrical activity was considerably lower than expected and since GaAs is a component, it is not
surprising that annealing requirements and doping behavior are more complicated than in the case of Si and that
rapid thermal annealing with an adequate encapsulation, gave the best results so far. Maximum donor available,
whatever the doping process, was considerably less than the maximum acceptor impurity concentration (the case of
S, Se, Te, Si, Ge and Sn) and several explanations were proposed. Therefore what physical phenomenon is
responsible for the discrepancy between n and p type activities? Furthermore, in the case of Si impurity dopants in
GaAs, the behavior of electrical activity differs from the simple thermodynamic model based on a first order
chemical reaction published earlier [2-6].
The present study was undertaken to give an answer to those questions and in particular we sought to find more
suitable theoretical models capable of explaining the incorporation of impurities in GaAs and the fact that many
implanted dopant ions fail to become electrically active.
2. Theoretical models
A consideration of both the theoretical models and the results of experiments on defect impurity interactions has
enabled us to obtain a more detailed model which describes accurately the variation in electrical activity with time
and temperature, most impurity dopants in GaAs followed a simple annealing process in which defects of one specie
diffuses to a fixed number of unfillable sinks. Mathematical description of this process is a problem in classical
diffusion [7] whose general solution leads to the electrical activity A:
A=N(t)/N0=Exp(-Ea/kT)[1–Exp(-αD0t(Exp(-Ed/kT))] (1)
where:
N(t) is the concentration of activated impurity at a given time t.
N0(t) is the initial concentration of implanted impurity.
Ed is the diffusion energy of the dopant in GaAs.
Ea is the characteristic activation energy for the process.
K is the Boltzmann constant.
D0 is the pre-exponential factor of the diffusion equation.
T is the absolute temperature.
3 Analysis of results and discussion
Analysis of our data and published experimental results in two distinct regimes published earlier [2-6] lead to
models for the incorporation of most ion species relying on the idea that inactive impurities are in the form of
complex defects which most likely consist of the implanted atoms and one or more vacancies.
Figures (1,2) show the dependency of the sheet resistivity Rs on the annealing time and temperature for Sn and Si
impurity implanted into GaAs with an ion energy of 300 keV and at room temperature.
Figure (3) shows the sheet carrier concentration Ns, as a function of time and temperature for Si impurity
implanted in GaAs.
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Fig. 1. Sheet resistivity Rs(Ω/ ) versus annealing time t(s) for Sn ions
in GaAs annealed at different temperatures.
Fig. 2. Sheet resistivity Rs(Ω/ ) versus annealing time t(s)
for Si ions in GaAs annealed at different temperatures.
In early work, we proposed that before any activation can take place, the implanted atoms are in the form of
complex defects which split up to allow the atom to occupy substitutional site in order to become electrically active
during the process at high temperatures.
The exact form of the complex is unclear but calculated energies of diffusion, agreed exactly with previously
published results for all studied dopants in GaAs even for Si impurity where the behaviour of the electrical activity
as a function of time and temperature differs from that of Sn implants, for example, especially at temperature higher
than 900°C.
An energy of 1.12 eV arising from the saturation values of activity with temperature (Fig.3) is identical for all
dopants in GaAs. However, for temperatures higher than 900°C it was not possible to determine a value for the
energy since the electrical activity decrease with time and temperature (Fig.3) without showing any saturation at all.
Since this energy is suggested to be the net energy required to remove a dopant atom from a complex defect and
0 10 20 30 40 50 60 70 80 90 100 110
1013
Si
1000°c
950°c
900°c
850°c
800°c
750°c
N
s(c
m
-
2 )
t(s)
Fig. 3. Sheet carrier concentration Ns(cm-2) versus annealing time t(s) for Si
ions in GaAs annealed at various temperatures.
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place it on a nearby lattice vacancy, where it becomes electrically active, the behaviour of Si does not follow this
concept at temperature higher than 900°C.
An energy of 0.6 eV corresponding to the removal of Si atoms from a complex defect or from a Ga site and place
it on an As site where it behaves as an acceptor in GaAs. The number of these dopants increase with time and
temperature, thus compensating the concentration of Si dopants placed on a Ga site behaving as donors. Fig.3 shows
this process of activation and compensation accuring at higher temperature or longer annealing time.
This analysis of published data on Si doped GaAs shows that the activation process is not a simple one, and this
activity is enhanced in areas where damage is being annealed out [8], this suggest that As / Ga vacancies are readily
generated by ion implantation damage. Which normaly affect the distribution of Ga and As in the implanted region
[7]. The redistribution of implanted impurities into GaAs have been discussed in relation of several key factors
(radiation damage, stoichiometry, implantation dose and thermal stress). Radiation damage alters the carrier
concentration profile from the predicted Gaussian profile. Stoichiometry and thermal stress during annealing modify
the diffusivity of an impurity as with Zn implants [6]. This can be explained by a model where implantation creates
a region at a depth exceeding Rp, where the recoiling Ga and As atoms produce excess Ga or As distributions in the
form of interstitials [9].
Simulated values for the diffusion energy Ed and values of activation energy Ea arising from the saturation
values of the activity of Si - implants in GaAs are compared to experimental data from literature ( Table.1 ), where
good agreement is deduced for temperature lower than 900°C. However, at higher annealing temperatures greater
than 900°C, Si - implants seem to proceed their activation mechanism in an impurty form leading to an activation
energy of the order 0.6 eV, so at these temperatures the GaAs material is converting to P type. Thus, compensating
effect is observed in the case of Si dopants in GaAs after annealing at higher temperatures, this can be explained by
the fact that Si is an amphoteric dopant in GaAs because it belongs to the group IV of the periodic table; i.e. it has
an equal probability to occupy either sites (Ga or As). In each case the behavior of the amphoteric dopant depends
on the site occupied. Furthermore, the activity of Si dopants in GaAs never reached a 100% for a dose greater than
1x1014 m-2. Thus, the remaining inactivated Si fraction proportion could be in a complex involving native
implanted defects, which could take the opportunity, supplied by the high annealing temperature to occupy an As
site and this behave as a p type dopant. The overall effect is a compensating action on which can under a decreasing
behavior of the electrical activity. The activation mechanism can be derived from a thermodynamic process where
more than two species are involved in the chemical reaction.
Table.1. Calculated Ea ,Ed and published EdL values for different dopants in GaAs.
Ions Ea(eV)
Calculated
Ed(eV)
Calculated
EdL(eV)
From literature
References
Si 0.6 1.12 1.1 [10]
Sn 1.2 2.5 2.5 [11]
Zn 0.37 1.1 1.55 [12]
4. Conclusions
Computer simulation and analysis of our data compared to published results on the activation of impurity dopants
in GaAs, have lead to the establishment of a theoretical model for the electrical properties of GaAs doped by ion
implantation and annealed using rapid thermal annealing. A comparison of the behaviour of different dopant species
have shown that all implants in GaAs have the same activation mechanism except for the amphoteric Si-implants
where electrical activity increased normally with annealing time and temperature up to 900°C, then decreased
showing that a compensating mechanism is taking place at temperature higher than 800°C. Finally the Si- implanted
GaAs become P type for longer annealing times at high temperatures.
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The results show that most implanted silicon atoms occupy lattice sites and are electrically active. In this work
the activation mechanism is shown to involve the breaking up of complex defects in the form of substitutional
silicon with vacancies. The energy required for this process is about 0.5 to 1.5 eV.
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